Autonomic Neurogenesis and Apoptosis Are Alternative Fates of Progenitor Cell Communities Induced by TGFβ  by Hagedorn, Lilian et al.
m
p
c
s
o
c
D
1
d
i
v
m
Developmental Biology 228, 57–72 (2000)
doi:10.1006/dbio.2000.9936, available online at http://www.idealibrary.com onAutonomic Neurogenesis and Apoptosis Are
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The question of how appropriate cell types are generated in correct numbers during development of the peripheral nervous
system has become particularly intriguing with the identification of multipotent progenitor cells in postmigratory targets
of the neural crest. Recently, we have provided evidence that community effects in response to factors of the TGFb family
ight represent a mechanism to suppress inappropriate nonneural fates from multipotent progenitors in developing
eripheral ganglia. In culture, BMP2 and TGFb promote neurogenesis at the expense of a smooth-muscle-like fate in
lusters of neural-crest-derived multipotent progenitor cells. We now show that the neurons generated by TGFb factors
belong to the autonomic lineage and that cells within the developing sympathetic ganglia express TGFb-type II receptor.
In addition to its neurogenic activity, TGFb but not BMP2 also induces apoptosis as an alternative fate in cultured
progenitor communities. Interestingly, these fate decisions are controlled by graded changes in TGFb concentrations: lower
doses of TGFb promote neurogenesis while slightly higher doses induce predominantly apoptosis. These effects of TGFb are
pecific for an early developmental stage since progenitor cells lose their competence to respond to the proapoptotic activity
f TGFb upon neuronal differentiation. In vivo, the expression of TGFb3 in differentiated neurons suggests that the signal
oncentration gradually increases with the number of neurons formed in the autonomic ganglia. We propose that TGFb
functions in a biphasic manner during autonomic gangliogenesis to control both neurogenesis and subsequently the number
of neurons generated from progenitor cells. © 2000 Academic Press
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The peripheral nervous system (PNS) develops, in the
main, from neural crest stem cells (NCSCs). Although it is
assumed that these multipotent cells undergo gradual fate
restriction during development (Anderson et al., 1997; Le
Douarin and Ziller, 1993), there is growing evidence for
persistence of multipotency at postmigratory targets of the
neural crest (Duff et al., 1991; Hagedorn et al., 1999; Le
ouarin, 1986; Lo and Anderson, 1995; Morrison et al.,
999). Thus, fate decisions appropriate to the site of overt
ifferentiation must be promoted and, correspondingly,
nappropriate fates must be suppressed. This process in-
olves extracellular signals provided by the embryonic
icroenvironment (Anderson et al., 1997; Le Douarin and
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All rights of reproduction in any form reserved.iller, 1993). The existence of postmigratory multipotent
ells suggests that local cues might regulate the generation
f specific lineages from individual progenitor cells by
nstructive rather than selective mechanisms. Instructive
ignals promote the generation of a given lineage at the
xpense of another lineage from uncommitted progenitors,
hile selective signals control the survival or selective
limination of committed cells (Morrison et al., 1997). In
he PNS, several growth factors have been identified that
ct instructively on cultured neural crest derivatives. Re-
ently, activation of Notch signaling has been shown to
nduce glial development and to suppress neurogenesis in
CSCs (Morrison et al., 2000). Similarly, the neuregulin1
NRG1) isoform GGF promotes gliogenesis at the expense
f neuronal and nonneural lineages in cultures of multi-
otent progenitors derived from neural crest, sciatic nerve,
nd dissociated dorsal root ganglia (DRG) (Hagedorn et al.,
999; Morrison et al., 1999; Shah et al., 1994). Likewise,
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58 Hagedorn et al.these cells are instructed by bone morphogenic protein 2
(BMP2) to choose a neuronal and, to a lesser extent, a
smooth-muscle-like fate (Hagedorn et al., 1999; Morrison et
al., 1999; Shah et al., 1996). Finally, individual progenitors
exclusively adopt a nonneural fate when treated with trans-
forming growth factor-b (TGFb) (Hagedorn et al., 1999;
orrison et al., 1999; Shah et al., 1996).
The in vivo expression patterns of Notch signaling com-
onents as well as NRG1, BMP, and TGFb isoforms are
consistent with their proposed roles in PNS lineage deci-
sions. Notch ligands and NRG1 are expressed by neurons,
which might induce neighboring progenitor cells to give
rise to glial cells (Ho et al., 1995; Marchionni et al., 1993;
Meyer and Birchmeier, 1994; Wakamatsu et al., 2000). In
agreement with this, mice mutants of NRG1 signaling
components display reduced numbers of Schwann cells
along peripheral nerves (reviewed in Adlkofer and Lai,
2000), although NRG1 activities other than in glial fate
determination could also explain the observed phenotypes.
BMP2 and BMP4 are expressed in the dorsal aorta close to
locations of autonomic neurogenesis (Reissmann et al.,
1996; Shah et al., 1996). Due to the early embryonic
lethality of mice carrying mutations in BMP2 and BMP4,
respectively (Winnier et al., 1995; Zhang and Bradley, 1996),
it remains unknown whether these factors play a role in
mammalian neurogenesis in vivo. However, recent experi-
ments in chicken embryos using the BMP antagonist Nog-
gin revealed a requirement for BMP signaling in autonomic
neurogenesis (Schneider et al., 1999). Furthermore, cardiac
neural crest gives rise to smooth muscle cells in the outflow
tract of the heart (Kirby and Waldo, 1995; Olson and
Srivastava, 1996) where TGFb isoforms are expressed (Mil-
an et al., 1991; Pelton et al., 1990). TGFb2-null mice
exhibit developmental cardiac defects but it is not clear
whether the deficiency is in lineage determination, migra-
tion, or maturation of crest cells (Sanford et al., 1997).
To interpret the phenotype of embryos mutant for a
particular signaling molecule, one must take into account
that neural-crest-derived progenitor cells are exposed to
multiple signals in vivo. Distinct signaling pathways acting
ndependently or in synergy may compensate for each
ther. The activity of a signal might inhibit or modulate
nother signaling pathway, and the convergence of different
ignaling pathways might elicit biological responses not
een with the individual signals alone. Therefore, it is
mportant to understand whether and how a multipotent
rogenitor cell integrates the different signals provided by
rowth factors, extracellular matrix, and cell–cell interac-
ions. In cultured neural crest cells, the combined influ-
nces of BMP2 and TGFb reveal codominance of these
actors (Shah and Anderson, 1997). In contrast, factors of the
GFb family are dominant over NRG1, and gliogenesis is
uppressed in the presence of saturating concentrations of
RG1 and TGFb or NRG1 and BMP2, respectively. During
autonomic neurogenesis, the generation of different neuro-
nal identities appears to be regulated by the combined p
Copyright © 2000 by Academic Press. All rightction of multiple extracellular cues including BMP2 (re-
iewed in Anderson et al., 1997; Mehler et al., 1997).
We have recently identified a novel mechanism by which
he biological activity of instructive growth factors is
odulated during neural crest development. Multipotent
rogenitor cells derived from neural crest exhibit commu-
ity effects in response to members of the TGFb superfam-
ly (Hagedorn et al., 1999). Although individual progenitors
have the potential to generate smooth-muscle-like cells, a
neuronal fate is promoted at the expense of the nonneural
smooth-muscle-like fate in progenitor clusters in the pres-
ence of either TGFb or BMP2. This suggests that signaling
y TGFb factors is integrated with signal transduction
pathways brought about by short-range cell–cell interac-
tions. Although the molecular basis of these community
effects remains to be elucidated, it is clear that they
drastically alter the response of a progenitor cell to a given
growth factor.
In this study, we examined the cellular function of TGFb
in peripheral neurogenesis. We show that the neurons
induced by TGFb display autonomic features. Intriguingly,
the capacity of TGFb to promote predominantly neurogen-
esis was limited to a narrow range in factor concentration,
whereas higher doses induced apoptosis as an alternative
fate in progenitor cell communities. The expression of a
TGFb isoform in differentiating autonomic neurons in vivo
s consistent with a dual role of TGFb signaling in control-
ling neurogenesis and progenitor cell number during auto-
nomic gangliogenesis.
MATERIALS AND METHODS
Cell Cultures
Time-mated OFA rats were obtained from Biological Research
Laboratories (Fullinsdorf, Switzerland). Neural crest cultures were
performed from embryonic day (E) 10.5 embryos as previously
reported (Stemple and Anderson, 1992) with the modifications
according to Hagedorn et al. (1999, 2000). Single neural-crest-
derived progenitor cells and progenitor clusters were generated,
mapped, and characterized as described in Hagedorn et al. (1999).
Cells were cultured in standard medium (Stemple and Anderson,
1992) or in standard medium supplemented with either BMP2 (a
gift from Genetics Institute, Cambridge, MA) or TGFb at the given
concentrations. If not otherwise indicated, TGFb1 isoform (R&D
ystems) was used. Some experiments were performed with TGFb3
purchased from R&D Systems. To prevent apoptotic cell death in
cultures of progenitor cells treated with high concentrations of
TGFb, the pancaspase inhibitor Z-VAD-FMK (R&D Systems) was
added 30 min prior to addition of TGFb. The inhibitor was used at
a concentration of 200 mM in standard medium.
TUNEL Assay
Cells were incubated for 18 h in 4 pM TGFb and fixed in PBS
ontaining 4% paraformaldehyde for 20 min at room temperature
RT). The TUNEL staining was performed according to the manu-
acturer’s instructions (Roche Diagnostics). Briefly, the cells were
ermeabilized using 100% ice-cold ethanol for 5 min at 220°C.
s of reproduction in any form reserved.
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59Multiple Responses of PNS Progenitors to TGFbEndogenous peroxidase was blocked by using 3% H2O2 in PBS for
5 min at RT and cells were incubated in TUNEL reaction mix (0.2
U/ml TDT enzyme, 6 nM biotin-16–dUTP, 6 nM dATP) for 90 min
at 37°C. Staining was visualized by the ABComplex Kit (DAKO)
with horseradish peroxidase (HRP) development using diamino-
benzidine (DAB) as substrate.
Immunocytochemistry
Single progenitor cells or NCSCs giving rise to progenitor
clusters were mapped by labeling living cells in standard culture
medium for 30 min with a monoclonal mouse anti-rat p75 antibody
(Ig192) (Roche Diagnostics), followed by incubation with FITC-
conjugated horse anti-mouse IgG (Vector Laboratories). To label
intracellular antigens, cells were fixed in PBS containing 3.7%
formaldehyde for 10 min at RT. Cells were permeabilized for 15
min at RT with 10% goat serum, 0.3% Triton X-100, 0.1% BSA in
PBS. Staining with rabbit polyclonal anti-NF160 (1:200 dilution;
Chemicon International) or monoclonal anti- smooth muscle actin
(SMA) (IgG) (1:400 dilution; Sigma) antibodies was performed for
1 h at RT. Immunostaining was visualized by incubation for 1 h at
RT with Cy3-conjugated goat anti-rabbit IgG (1:200 dilution;
Jackson ImmunoResearch Laboratories) and FITC-coupled horse
anti-mouse IgG (1:200 dilution; Vector Laboratories), respectively.
To detect Mash1 expression, cells were permeabilized for 15 min at
RT with 2% goat serum, 0.1% NP-40 in PBS and stained overnight
at 4°C with mouse monoclonal anti-Mash1 (dilution 1:1; a gift
from D. J. Anderson, Caltech, Pasadena, CA). Cells were then
incubated for 1 h with HRP-coupled goat anti-mouse IgG (1:200
dilution; Pierce). DAB was used as substrate for HRP development.
Immunohistochemistry
Frozen sections of paraformaldehyde-fixed rat embryos were
postfixed in acetone for 10 min, and endogenous peroxidase activ-
ity was blocked with 3% H2O2 in PBS for 30 min. Mash1 immu-
oreaction was done by treating sections with 2% goat serum,
.1% NP-40 in PBS, followed by incubation with the monoclonal
ntibody (1:1 dilution) for 1 h at RT. Staining with rabbit polyclonal
nti-TbRII (1:250 dilution; Santa Cruz Biotechnology), rabbit poly-
lonal anti-TGFb1, anti-TGFb2, and anti-TGFb3 (all used at a
:250 dilution; Santa Cruz Biotechnology) antibodies was per-
ormed in 0.3% BSA in PBS for 1 h at RT. Peripherin expression was
etected on sections that were blocked for 30 min in 10% normal
oat serum, 0.3% Triton X-100, 0.1% BSA in PBS and incubated
ith rabbit polyclonal anti-peripherin antibody (1:1000 dilution;
hemicon International) for 1 h at RT. Immunoreactions were
isualized by incubation with HRP-coupled anti-mouse IgG anti-
ody (1:200 dilution; Pierce) or HRP-conjugated anti-rabbit IgG
ntibody (1:200 dilution; Nordic Immunological Laboratories), fol-
owed by HRP development using DAB as substrate.
For the simultaneous detection of NF160 and TGFb3, embryonic
sections were blocked in 10% normal goat serum, 0.3% Triton-X
100, 0.1% BSA in PBS and incubated for 1 h with a mouse
monoclonal anti-NF160 antibody (1:200 dilution; Sigma). Immuno-
staining was detected with a FITC-conjugated secondary anti-
mouse IgG antibody (Vector Laboratories). Subsequently, staining
for TGFb3 was carried out using a rabbit polyclonal antibody (1:250
ilution; Santa Cruz Biotechnology) followed by incubation with a
y3-coupled anti-rabbit IgG antibody (Jackson ImmunoResearch
aboratories). After washing in PBS, the sections were mounted in
F1 (Citifluor) and the samples were analyzed by confocal micros-
opy.
Copyright © 2000 by Academic Press. All rightAs controls for antibody stainings, primary antibodies were
mitted during the staining procedures. Specific stainings of the
nti-TGFb1, anti-TGFb2, and anti-TGFb3 antibodies were blocked
by preincubation of the antibodies with epitope-specific peptides
(Santa Cruz Biotechnology).
RESULTS
Factors of the TGFb Family Induce Autonomic
Neurogenesis in Neural-Crest-Derived
Progenitor Communities
We have previously shown that TGFb factors promote
neurogenesis in clusters of neural-crest-derived progenitor
cells at the expense of a nonneural fate (Hagedorn et al.,
1999). The identity of the neurons, however, has not been
clarified so far. In the PNS, the bHLH transcription factor
Mash1 is specifically expressed in the autonomic neuronal
lineage and required for the differentiation of autonomic
neurons (Guillemot et al., 1993; Lo et al., 1991; Sommer et
l., 1995). BMP2 both induces Mash1 expression in NCSCs
nd maintains it in progenitor cells isolated from the
eveloping enteric nervous system (Lo et al., 1997; Shah et
l., 1996). To investigate whether BMP2 also promotes
ash1 expression in clusters of neural-crest-derived pro-
enitor cells, NCSC were isolated from E10.5 rat embryos
nd allowed to form clusters of progenitor cells in vitro as
reviously described (Hagedorn et al., 1999). Subsequently,
ome of these cultures were treated with BMP2 (1.6 nM) for
4 h while control sister dishes were kept under standard
ulture conditions in the absence of instructive growth
actors (Hagedorn et al., 1999; Stemple and Anderson,
992). In the vast majority of the BMP2-treated cell clusters,
ost of the cells were Mash1 positive, whereas only occa-
ional Mash1-positive cells were found in untreated pro-
enitor clusters (Figs. 1A–1D). We next analyzed the phe-
otype of the neuronal cells induced by TGFb in the same
paradigm. As we have previously reported, many cell clus-
ters died upon addition of TGFb (4 pM) (Hagedorn et al.,
1999). However, similar to BMP2 treatment, incubation of
progenitor clusters with TGFb resulted in an upregulation
of Mash1 expression in most of the cells in the surviving
clones (Figs. 1E and 1F). In contrast, single progenitor cells
obtained by replating progenitor cell clusters at clonal
density gave rise to Mash1-negative nonneural cells upon
incubation with TGFb for 24 h (Figs. 1G and 1H), in
greement with previous findings (Hagedorn et al., 1999;
hah et al., 1996). Thus, both BMP2 and TGFb induce an
utonomic neuronal fate in neural-crest-derived progenitor
lusters.
The finding that TGFb induces autonomic neurogenesis
n vitro suggests a role for TGFb isoforms during autonomic
angliogenesis in vivo. In order for cells within the devel-
ping ganglia to respond to TGFb, they should express
GFb type II receptor (TbRII) that is essential for TGFb
signaling (Wrana et al., 1992). Therefore, we analyzed the
expression of TbRII in sympathetic ganglia at a stage when
s of reproduction in any form reserved.
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60 Hagedorn et al.FIG. 1. BMP2 and TGFb induce Mash1 expression in neural-crest-derived progenitor communities. Clusters of progenitor cells were
btained from rat NCSCs incubated for 3 days at clonal density (Hagedorn et al., 1999). The cultures were then maintained in standard
edium (“no add”; A, B) or supplemented either with 1.6 nM BMP2 (C, D) or with 4 pM TGFb (E, F). Single TGFb-treated progenitor cells
G, H) were prepared by replating sister dishes of progenitor cell clusters, followed by the addition of TGFb at the same time as it was added
to the clusters. After 24 h, the cells were fixed and stained with anti-Mash1 antibody, and the staining was visualized by a horseradish
peroxidase (HRP) reaction (A, C, E, G). (B, D, F, H) The corresponding phase pictures. Note that most of the BMP2-treated clusters and of
the surviving clusters incubated with TGFb expressed Mash1 while single progenitor cells were Mash1 negative. Bar, 40 mm.
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61Multiple Responses of PNS Progenitors to TGFbMash1-positive preneuronal cells are present in these gan-
glia. By immunohistochemistry on sections of rat E14
embryos we were able to detect TbRII immunoreactivity in
eveloping autonomic ganglia concomitant with Mash1
xpression (Fig. 2).
Apoptosis Is an Alternative Fate to Neurogenesis
in TGFb-Treated Progenitor Communities
Cell death is a common fate of TGFb-treated neural crest
derivatives (Morrison et al., 1999; Shah et al., 1996). In
ultures of neural-crest-derived progenitor communities
any cell clusters die rather than undergoing neurogenesis
Hagedorn et al., 1999). To investigate whether progenitor
ells in clusters die from apoptosis upon addition of TGFb,
we performed TUNEL staining. In untreated control cul-
tures of progenitor clusters, we observed few apoptotic
figures (Fig. 3A; Table 1), whereas on sister dishes incubated
for 18 h with 4 pM TGFb approximately 90% of the clusters
contained TUNEL-positive cells (Fig. 3B; Table 1). More-
over, addition of the pancaspase inhibitor Z-VAD-FMK,
which inhibits proteases involved in pathways leading to
apoptosis (reviewed in Deshmukh and Johnson, 1997; Raff,
1998), prevented the death of almost all of the TGFb-treated
rogenitor cell clusters (Fig. 3E; Table 1).
The apoptotic death of a considerable number of cell
lusters in response to TGFb signaling may point to a
heterogeneity of progenitor communities. According to this
FIG. 2. Expression of TGFb type II receptor in autonomic ganglia
an E14 rat embryo were incubated with anti-TbRII antibody (A) or
reaction. The TGFb receptor is expressed in the autonomic ganglimodel, a subpopulation of communities with neuronal i
Copyright © 2000 by Academic Press. All rightotential survives while another subpopulation with non-
eural potential might be selectively eliminated upon
GFb treatment. Alternatively, all communities might
have the same neuronal potential and cell death might not
represent a mechanism to select for a particular lineage at
the expense of another one. To distinguish between these
possibilities, we examined the differentiation potential of
progenitor clusters rescued from TGFb-induced apoptosis
by Z-VAD-FMK. Staining with anti-Mash1 antibody re-
vealed that the majority (76 6 4%; three independent
experiments, scoring 100 clones per experiment) of the
progenitor clusters adopted an autonomic neuronal fate in
the presence of TGFb when apoptosis was inhibited (Fig. 3F)
whereas in untreated cultures only 1 6 1% of the progenitor
clusters displayed Mash1-positive cells. In analogy to con-
trol cultures, however, the generation of smooth-muscle-
like cells was not induced in TGFb-treated clusters, even
when apoptosis was prevented (10 6 3% nonneural SMA-
ositive cells compared to 6 6 6% in control cultures). The
uppression of a nonneural and promotion of a neuronal fate
n clusters treated with both TGFb and the pancaspase
inhibitor was not simply due to a general neuron-promoting
activity of Z-VAD-FMK: single progenitor cells still adopted
a smooth-muscle-like fate in response to TGFb even in the
presence of the caspase inhibitor, and a neuronal fate was
not promoted in progenitor clusters treated with Z-VAD-
FMK but not TGFb (data not shown). These results suggest
hat TGFb in conjunction with community effects acts
ar-adjacent transverse sections through a sympathetic ganglion of
anti-Mash1 antibody (B). Immunostainings were revealed by HRP
erlapping with areas of Mash1 expression. Bar, 20 mm.. Ne
withnstructively on progenitor clusters to suppress a smooth-
s of reproduction in any form reserved.
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62 Hagedorn et al.FIG. 3. TGFb-treated cultures of progenitor communities undergo programmed cell death or choose a neuronal fate when cell death is
nhibited. NCSCs were cultured for 3 days to form clusters of progenitors. Subsequently, culture dishes were either maintained under
tandard conditions (A, C) or treated with 4 pM TGFb (B, D). After 18 h, cells were fixed and analyzed for the presence of apoptotic nuclei
y TUNEL staining. In control cultures, the majority of the clusters were TUNEL negative (A), whereas TGFb-treated cultures contained
any TUNEL-positive clusters (B; see also Table 1). Insets in (B, D) represent higher magnifications of apoptotic cells (arrows). Programmed
ell death was suppressed in TGFb-treated clusters by addition of the pancaspase inhibitor Z-VAD-FMK (E–H). In these cultures, the
ajority of the clusters adopted a neuronal fate as indicated by the expression of Mash1 (F). (C, D, G, H) Phase images of A, B, E, and F.ar, 80 mm.
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63Multiple Responses of PNS Progenitors to TGFbmuscle-like fate. Moreover, our data indicate that auto-
nomic neurogenesis and apoptosis are alternative fates of
TGFb-treated progenitor communities that are fairly ho-
ogenous with respect to their potential.
Fate Decisions in Progenitor Communities Depend
on the TGFb Dose
The fact that TGFb is able to induce two alternative fates
in progenitor cell communities—a neuronal fate or
apoptosis—raises the question of how TGFb controls fate
ecisions in progenitor communities. The effects of TGFb
in these cultures may be dose dependent in analogy to the
function of members of the TGFb superfamily as gradient-
orming morphogens both in vertebrate and in invertebrate
ystems (reviewed in Dale and Wardle, 1999; Hogan, 1996;
cDowell and Gurdon, 1999; Mehler et al., 1997). There-
ore, we performed dose–response experiments exposing
oth single progenitors and progenitor clusters to a range of
GFb concentrations. At higher concentrations of TGFb
(40 fM–4 pM), up to 67% of the progenitor clusters were
lost because of cell death and only a minority of clusters
chose a neuronal fate as assayed by neurofilament (NF160)
staining (Fig. 4B). In contrast, at a lower dose of the factor (4
fM) only 4.5% of the progenitor clusters died while 76.5%
gave rise to neuronal colonies (Fig. 4B). At all concentra-
tions tested, the neurons promoted by TGFb expressed the
utonomic marker Mash1 (data not shown). The qualita-
ively different responses of progenitor clusters, with the
ajority of the clones adopting a neuronal fate at lower
oses and undergoing apoptotic cell death at higher doses,
ere elicited by relatively small changes in TGFb concen-
tration. This suggests that the cells within the progenitor
clusters recognize narrow thresholds of factor concentra-
TABLE 1
Apoptotic Cell Death of TGFb-Treated Progenitor Clusters
Clusters
without
TUNEL-positive
cells (%)
Clusters
with at least one
TUNEL-positive
cell (%)
o add 89 6 5 11 6 5
GFb 10 6 7 90 6 7
TGFb 1 Z-VAD-FMK 99 6 1 1 6 1
Note. Progenitor cell clusters were generated from NCSCs grown
or 3 days at clonal density. Thereafter, clusters were incubated in
tandard medium (“no add”) or in standard medium containing 4
M TGFb or TGFb plus the pancaspase inhibitor Z-VAD-FMK.
ultures were fixed after 18 h and analyzed for the presence of
poptotic nuclei by TUNEL staining. The numbers indicate per-
entage of all clusters analyzed. The figures represent the mean 6
D of three independent experiments. 100 clones were scored per
xperiment.tion, which is a typical feature of cell communities inter-
Copyright © 2000 by Academic Press. All rightpreting morphogen gradients (Green et al., 1994; Wilson
and Melton, 1994; reviewed in Dale and Wardle, 1999).
In Xenopus, community effects are necessary to promote
certain signal-induced fates in mesodermal patterning
FIG. 4. TGFb dose response on single progenitor cells and clus-
ers. p75-positive NCSCs plated at clonal density were mapped and
llowed to form clusters of progenitor cells. The cells on some
ishes were subsequently replated at clonal density, labeled live
ith anti-p75 antibody, and also mapped. Sister dishes containing
lones of neural-crest-derived progenitors were maintained as cell
lusters, the medium was exchanged, and different doses of TGFb
were added at the same time that they were presented to the
replated single cells. It was possible to follow the fate of individual
progenitor clusters because of the prospective mapping of their
founder cells. Six days after growth factor addition the cultures
were fixed and cell fates were assessed by staining for NF160 and
SMA. (A) The fates of single cells at different TGFb concentrations.
(B) The fates of progenitor clusters at different TGFb concentra-
tions. Control-like colonies are mixed clones consisting of neurons,
glia, and smooth-muscle-like cells. Each bar represents the mean 6
SD of two independent experiments, in which 100 clones were
scored for each data point.
s of reproduction in any form reserved.
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64 Hagedorn et al.(Green et al., 1994; Wilson and Melton, 1994). Similarly,
single neural-crest-derived progenitor cells did not respond
like cell clusters at any TGFb concentration tested (Fig.
4A): as previously reported (Hagedorn et al., 1999), single
progenitors adopted a smooth-muscle-like fate and never
generated neurons in response to TGFb signaling. More-
over, although significant cell death was observed at higher
TGFb doses, apoptosis was never the main fate chosen by
factor-treated single-cell progenitors (Fig. 4A). Thus, the
fate switch that the majority of progenitor cells are able to
undergo with increasing TGFb concentrations in narrow
dose ranges appears to be dependent on community effects.
As shown in Fig. 1, both BMP2 and TGFb can promote
autonomic neurogenesis in neural-crest-derived progenitor
communities, in spite of the fact that these factors elicit
distinct responses on single neural-crest-derived cells
(Hagedorn et al., 1999; Morrison et al., 1999; Shah et al.,
1996). Thus, a proapoptotic activity in progenitor commu-
nities might not be specific for TGFb, although we have so
far not observed substantial cell death of progenitor cells
treated with BMP2 (Hagedorn et al., 1999). To test whether
emergence of programmed cell death might be dependent
on BMP2 concentration, we carried out BMP2 dose–
response experiments and analyzed the induction of cell
fates in progenitor clusters. As with TGFb, neuronal induc-
tion in the vast majority of the progenitor clusters occurred
upon small changes in BMP2 concentrations (Fig. 5). How-
ever, neither single progenitors nor cell clusters underwent
cell death to a significant degree at any BMP2 concentration
tested. These results suggest that only a subgroup of the
TGFb superfamily can induce apoptosis in progenitor cells
while the promotion of a neuronal fate is less ligand
specific.
The TGFb dose–response experiments support our find-
ing (Fig. 3) that neurogenesis and apoptosis are alternative
fates chosen by progenitor communities at the expense of a
nonneural fate and that the majority of communities be-
have homogeneously when adopting these fates. However,
this does not exclude that the progenitor cells within a
community are a heterogeneous cell population with re-
spect to their TGFb response and that individual progeni-
tors are prevented from adopting a nonneural fate in re-
sponse to low doses of TGFb by a selective mechanism. To
address this question, we monitored cell death within
progenitor cell clusters during the first hours after addition
of the factor. Clusters of progenitors were generated from
neural crest cultures and TGFb was added to some culture
dishes either at a low concentration (4 fM) or at a higher
concentration (4 pM). Sister dishes were fixed every 6 h for
a period of 36 h and were analyzed for the presence of
fragmented nuclei. Similar to the response to BMP2 (Hage-
dorn et al., 1999), cell death within untreated control cell
clusters (Table 2) was minimal and did not increase by
treatment with 4 fM TGFb. As expected, massive cell death
was observed within 18 h after factor addition in the
majority of progenitor clusters treated with high doses of
TGFb. These data indicate that progenitors within a cell
Copyright © 2000 by Academic Press. All rightluster respond homogeneously to low doses of TGFb; they
are instructed by community effects to adopt a neuronal
fate (Fig. 4B), although individual progenitors possess a
smooth muscle potential (Fig.4A; Hagedorn et al., 1999).
Expression of TGFb Isoforms during Autonomic
Gangliogenesis
The cell culture experiments on neural crest deriva-
FIG. 5. BMP2 dose response on single progenitor cells and clus-
ters. Cultures of single progenitor cells and progenitor clusters
were prepared as described in the legend to Fig. 4. Increasing
concentrations of BMP2 were added to progenitor clusters or to
replated single cells. Cell fates were assayed 6 days after factor
addition by immunostaining with anti-NF160 and anti-SMA anti-
bodies. (A) The fates of single cells at different BMP2 concentra-
tions. (B) The fates of clusters at different BMP2 concentrations.
Control-like colonies consist of neurons, glia, and smooth-muscle-
like cells. Each bar represents the mean 6 SD of two independent
xperiments. For each data point, 100 clones were analyzed.tives suggest that an inappropriate nonneural fate is
s of reproduction in any form reserved.
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65Multiple Responses of PNS Progenitors to TGFbsuppressed in autonomic ganglia by community effects in
response to TGFb factors. Moreover, a gradient of TGFb
activity might determine whether progenitor cells choose
a neuronal fate or apoptosis in these ganglia. The ques-
tion thus arises of how, if at all, changes in TGFb factor
concentration might be established in the developing
ganglia. We therefore studied the localization of TGFb
isoforms during embryonic development of rat auto-
nomic ganglia by immunohistochemistry. In agreement
with the analysis by Unsicker and colleagues, who re-
ported the expression patterns of TGFbs during develop-
ent of sensory DRG (Flanders et al., 1991; Unsicker et
al., 1996), TGFb3 was the most prominently expressed
isoform of the three proteins TGFb1, 2, and 3 during PNS
TABLE 2
Cell Death within Clusters of Progenitor Cells
upon TGFb Treatment
Condition
Time after
factor addition (h)
Clusters with
no apoptotic
cell (%)
Clusters with
at least one
apoptotic cell
(%)
o add 6 92 8
12 99 1
18 96 4
24 98 2
30 98 2
36 97 3
GFb (4 fM) 6 96 4
12 98 2
18 96 4
24 98 2
30 98 2
36 99 1
TGFb (4 pM) 6 96 4
12 63 37
18 12 88
24 9 91
30 13 87
36 14 86
Note. Progenitor cell clusters were obtained from NCSCs
grown for 3 days at clonal density and subsequently incubated in
standard medium (“no add”) or in standard medium containing
4 fM TGFb or 4 pM TGFb. Cultures were fixed every 6 h after
factor addition and nuclear morphology of cells within the
clusters was investigated by DAPI staining. The numbers indi-
cate percentages of all clusters analyzed. For each condition and
time point, 200 colonies were scored. Treatment of progenitor
clusters adopting a neuronal fate in the presence of 4 fM TGFb
did not result in increased elimination of cells within the
clusters, whereas the majority of clusters started to die within
18 h of 4 pM TGFb addition. Note that after 24 h of treatment
ith 4 pM TGFb, some of the clusters have been completely lost
y cell death.development (data not shown). In a variety of experimen-
Copyright © 2000 by Academic Press. All rightal paradigms, the TGFb isoforms display highly similar
biological activities in vitro, and the distinct phenotypes
resulting from isoform-specific mutations in vivo are
thought to be due to the differential embryonic expres-
sion patterns (reviewed in Piek et al., 1999). Consistent
with this, TGFb3 elicited effects comparable to TGFb1
on neural crest cultures. In single-cell cultures, it pro-
moted the generation of smooth-muscle-like cells (Shah
et al., 1996), while in progenitor cell clusters it was able
to induce neurogenesis at low and cell death at higher
ligand concentrations (data not shown).
Analysis of adjacent transverse sections of rat embryos at
E12 (not shown) or of caudal regions of E13 embryos (Figs.
6A–6C) suggested that the initial induction of Mash1
expression in dispersed cells of the sympathetic anlage
occurs independently of TGFb signaling since no TGFb
protein was detectable in the area of Mash1-positive cells.
Thus, the appearance of the first autonomic preneuronal
cells might be regulated by BMP2 that is expressed in the
dorsal aorta at early stages of embryonic development
(Reissmann et al., 1996; Shah et al., 1996). The earliest
GFb3 immunoreactivity in the vicinity of Mash1-positive
ells in the forming sympathetic ganglia was found at E13
n sensory neurites (Wolfer et al., 1994) in rostral regions of
he embryo (that are more advanced in development than
audal regions of the same embryo) (Figs. 6D–6F). At later
tages (E14), prominent TGFb3 staining was seen within
autonomic ganglia that at this time contained both Mash1-
labeled progenitor cells and peripherin-positive cell bodies
of differentiated neurons (Figs. 6G–6J). Mash1-positive cells
were usually located in the periphery of the ganglia sur-
rounding the more centrally positioned TGFb3-positive
cells.
In dorsal root ganglia, sensory neuronal soma strongly
express TGFb isoforms (Flanders et al., 1991). Moreover,
our analysis of sympathetic ganglia reveals a correlation
between ganglionic TGFb expression and the appearance
f fully differentiated neurons marked by peripherin.
herefore, the TGFb3 immunoreactivity in the sympa-
thetic chain might predominantly represent neuronal
expression. To address this issue, we performed double-
labeling experiments with anti-neurofilament160 and
anti-TGFb3 antibodies on rat E14 sections and investi-
ated the cellular expression of these markers by confocal
icroscopy. As illustrated in Fig. 7, neurofilament was
oexpressed with TGFb3 protein, indicating that differ-
ntiated neurons are a major source of TGFb signal in
autonomic ganglia.
Taken together, these data are consistent with the
hypothesis that TGFb has neuron-inducing activity in
autonomic ganglia from E13 onward; with time, gangli-
onic ligand concentrations could change due to the
increased number of neurons present resulting in a pro-
apoptotic effect of TGFb on the remaining progenitor
cells.
s of reproduction in any form reserved.
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67Multiple Responses of PNS Progenitors to TGFbDifferentiated Autonomic Neurons Are Resistant
to the Proapoptotic Effects of High TGFb
Concentrations
The model that neuron-derived TGFb can induce apopto-
is in undifferentiated progenitor cells predicts that differ-
ntiated neurons themselves are resistant to high concen-
rations of TGFb. To confirm this, neural-crest-derived
rogenitor clusters were treated for 4 days with low con-
entrations (4 fM) of TGFb to allow the formation of
neurons. Neuronal colonies were then mapped, which en-
abled us to monitor loss of clusters by cell death. Subse-
quently, the TGFb concentration was raised to 4 pM in
ome of the culture dishes while sister control dishes were
aintained in the presence of 4 fM TGFb. While progenitor
lusters underwent extensive cell death in the presence of 4
M TGFb within 24 h (Table 1), neuronal clusters generated
from progenitor communities lost the competence to re-
spond to the proapoptotic activity of TGFb. Rather, the
frequency of cell death in neuronal colonies remained low
(approx. 5%), independent of the TGFb concentration used.
hus, the extensive induction of programmed cell death by
GFb is not only dependent on community effects (Fig. 4)
FIG. 7. Expression of TGFb3 in differentiated autonomic neurons.
anti-NF160 antibody (A) and with anti-TGFb3 antibody (B). NF1
antibody while a Cy3-coupled secondary antibody was used to de
onfocal microscopy. A single confocal plane is shown. (C) Confoca
n C) revealing individual neurons coexpressing NF160 and TGFb3
FIG. 6. Developmental expression of TGFb3 during autonomic ga
of more developed rostral parts (D–F) of rat E13 embryos and of E
TGFb3 (B, E, H), or to peripherin (C, F, J). Immunostainings were vi
expression appears in dispersed cells of the sympathetic anlage (arr
f TGFb immunostaining (arrows in E) in relative vicinity of Mash
14, TGFb expression (H) within sympathetic ganglia (sg) is concom
t these stages, TGFb-positive cells are in close association with Mdorsal aorta. Bar, 20 mm.
Copyright © 2000 by Academic Press. All rightut is also specific for a particular stage of autonomic
eurogenesis.
DISCUSSION
Cell type specification in the developing PNS is believed
to involve the activity of instructive growth factors, as has
been suggested by clonal analysis of cultured neural crest
cells (reviewed in Anderson et al., 1997). It is very likely
that in the embryo the response to such factors is modu-
lated by signals not provided in low-density cell cultures.
We have recently demonstrated that the microenvironment
present in clusters of neural-crest-derived progenitor cells
profoundly alters their response to instructive growth fac-
tors (Hagedorn et al., 1999). In such clusters, TGFb factors
romote neurogenesis while suppressing a nonneural fate.
e now show that the neuronal cells produced express the
utonomic neuronal marker Mash1, suggesting that com-
unity effects might be required during autonomic ganglio-
enesis to prevent the emergence of inappropriate nonneu-
al lineages. In addition, community effects appear to play a
ole in regulating the cell number since apoptosis is an
ions through rat E14 sympathetic ganglia were double labeled with
munoreactivity was visualized by a FITC-conjugated secondary
TGFb3 expression. Double immunofluorescence was analyzed by
rlay of A and B. Yellow color indicates double positive cells (arrows
, 20 mm.
genesis. Near-adjacent transverse sections of caudal parts (A–C) or
bryos (G–J) were stained with antibodies to Mash1 (A, D, G), to
zed by HRP reaction. At early developmental stages (A–C), Mash1
in A) in the absence of nearby TGFb expression (B). First detection
sitive cells (arrows in D) is on peripherin-positive neurites (F). At
t with the presence of peripherin-positive neurons (J) in the ganglia.
1-expressing preneuronal cells (arrows in G). cv, cardinal vein; da,Sect
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68 Hagedorn et al.alternative fate of TGFb-treated progenitor communities.
he decision of whether a community of progenitors un-
ergoes predominantly neurogenesis or apoptosis is depen-
ent on the concentration of TGFb factor. The level of
TGFb in the developing ganglia likely increases with the
ncreasing number of differentiated autonomic neurons
ince this cell type appears to be the main source of TGFb
in the ganglia. Based on these data, we propose a model for
a dual role of TGFb during autonomic gangliogenesis in
which it promotes neurogenesis at a certain stage while
later it is proapoptotic for remaining progenitor cells.
TGFb Factors in Autonomic Neurogenesis
Members of the TGFb superfamily have multiple func-
tions during neural development including lineage commit-
ment, proliferation, survival, apoptosis, differentiation, and
morphogenesis (Hogan, 1996; Mehler et al., 1997). Factors
of the BMP subclass play a role in neural crest induction
(Liem et al., 1995; Mujtaba et al., 1998; Selleck et al., 1998;
ilson and Hemmati-Brivanlou, 1995) although additional
ignals are required for this process (LaBonne and Bronner-
raser, 1998). At later stages of PNS development, BMP2/4
romote autonomic neurogenesis in vitro and in vivo
Reissmann et al., 1996; Schneider et al., 1999; Shah et al.,
996). With our finding that TGFb isoforms can also induce
the formation of autonomic neurons, the question arises as
to what extent BMP and TGFb signaling represent redun-
ant activities during peripheral gangliogenesis. In vitro,
oth factors elicit indistinguishable responses on progenitor
ommunities when neurogenic concentrations are applied.
eurogenesis is promoted instructively; neither subsets of
ommunities nor individual cells within communities are
electively eliminated. In vivo, the early embryonic expres-
ion of BMPs in the dorsal aorta occurs concomitantly with
he first appearance of the autonomic marker Mash1
Reissmann et al., 1996; Shah et al., 1996) in the absence of
vert TGFb expression in or near the sympathetic anlage.
This suggests that the initial induction of autonomic neu-
rogenesis in loosely associated cells of the sympathetic
anlage before cellular aggregation is TGFb independent (Fig.
). This is also supported by experiments performed in
hicken embryos in which early treatment with the BMP-
pecific antagonist Noggin prevents the formation of auto-
omic neurons (Schneider et al., 1999). However, TGFb
might be neurogenic once progenitor cells have aggregated
in the forming autonomic ganglia. In agreement with this
hypothesis, TGFb—unlike BMP2/4—is able to promote
eurogenesis only from progenitor clusters but not from
ingle progenitor cells (Hagedorn et al., 1999). In E14 rat
mbryos, differentiated neurons coexist with Mash1-
ositive cells (Fig. 6). The presence of Mash1 suggests
ngoing neurogenesis since Mash1 is a transient marker for
utonomic neuronal lineages (Lo et al., 1991; Sommer et al.,
1995), and TGFb expressed in differentiated neurons (Fig. 7)
could well serve as the neuron-inducing signal. Given its
expression in sensory neurons (Flanders et al., 1991; Un- f
Copyright © 2000 by Academic Press. All rightsicker et al., 1996), TGFb might play a similar role in
sensory neurogenesis although sensory neuron formation
was not observed under our culture conditions.
Regulating Cell Number during Autonomic
Gangliogenesis
While both BMP2 and TGFb can induce autonomic
neurogenesis in neural-crest-derived progenitor cell com-
munities, only TGFb can in addition promote programmed
ell death. The fine tuning of cell survival and programmed
ell death is an important process in development to
ontrol correct cell numbers and patterning (Deshmukh
nd Johnson, 1997; Raff, 1998; Silos-Santiago et al., 1995).
eurons depend on specific growth factors at certain devel-
pmental stages, and neuronal loss during development is
hought to result from competition of neurons for neuro-
rophic factors. Analysis of animals carrying mutations in
eurotrophins or their corresponding receptors has con-
rmed a number of in vitro studies and showed the impor-
ance of target-derived nerve growth factor (NGF) and
eurotrophin-3 (NT-3) for the survival of sympathetic neu-
ons (reviewed in Davies, 1997; Silos-Santiago et al., 1995).
ore recently, glial cell line-derived neurotrophic factor
GDNF), a member of the TGFb superfamily, has also been
emonstrated to support at least a subset of sympathetic
eurons (reviewed in Baloh et al., 2000). Interestingly, the
trophic activity of GDNF appears to require the concerted
action of TGFb (Krieglstein et al., 1998b; Schober et al.,
1999). Similarly, TGFb elicits trophic effects on a variety of
neurons in synergy with other growth factors, while on its
own it has no effect on neuronal survival (Krieglstein et al.,
1998a; Krieglstein and Unsicker, 1996). In agreement with
these findings, we did not find altered survival of neurons
differentiated from progenitor cell clusters, even at high
concentrations of TGFb.
Although many cell types depend upon exogenous
growth factors for survival, it has become increasingly clear
that mechanisms regulating cell number in the developing
nervous system are considerably more complex and that
cell numbers may be determined not only by factors which
forestall cellular suicide, but also by factors which actively
promote cell death (Raoul et al., 2000). Sympathetic neu-
rons undergo programmed cell death in the presence of LIF
or ciliary neurotrophic factor (Kessler et al., 1993) and
TGFb isoforms inhibit the survival of ciliary ganglion
neurons (Flanders et al., 1991). In the developing rhomben-
cephalon, BMP4 induces apoptosis of neural crest cells
derived from rhombomeres r3 and r5, thereby establishing
craniofacial patterning (Graham et al., 1996). Retinal neu-
rons which express the low-affinity neurotrophin receptor
p75 but not the high-affinity receptor trkA die in the
presence of NGF (Frade et al., 1996). Similarly, activation of
p75 by brain-derived neurotrophic factor mediates pro-
grammed cell death of sympathetic neurons (Bamji et al.,
1998). The present study identifies TGFb as a proapoptotic
actor for neural-crest-derived progenitor cells. Intriguingly,
s of reproduction in any form reserved.
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69Multiple Responses of PNS Progenitors to TGFbthis activity is specific for progenitors and not detected in
cultures of differentiated neurons generated from progeni-
tor cells. This suggests that the number of neurons in
autonomic gangliogenesis might not only be regulated by
target-derived trophic support. Rather, cell number may
also be controlled at earlier stages during autonomic neu-
rogenesis. This is supported by the finding that apoptotic
figures are detectable in sympathetic ganglia at stages when
progenitors and differentiated neurons are present (data not
shown). It is conceivable that the proapoptotic activity of
TGFb on progenitor cells is counterbalanced by survival
actors in vivo. Accordingly, hepatocyte growth factor
HGF) and NT-3 promote the survival of cultured sympa-
hetic neuroblasts, and mutation of the HGF signaling
athway results in progressive loss of neuroblasts in vivo
Birren et al., 1993; Maina et al., 1998).
Dose-Dependent Regulation of Neurogenesis
and Apoptosis by TGFb
Our experiments on cultured progenitor clusters reveal a
dual role of TGFb in early neural crest development: it can
act either as a neuron-inducing or as a proapoptotic mole-
cule. These two opposing developmental programs are
alternative fates for the vast majority of progenitor commu-
nities, as shown by two independent findings. First, almost
all the communities choose a neuronal fate when pro-
grammed cell death is inhibited. Thus, cultured communi-
ties constitute a homogenous population of cell clusters
with neuronal potential, and apoptosis is not a means to
selectively eliminate communities with nonneural poten-
tial. Second, conditions have been found in which either
predominantly neurogenesis or predominantly apoptosis
are promoted. Interestingly, the choice between these two
fates is regulated by graded changes in TGFb concentration,
ith lower doses of TGFb inducing neurogenesis and higher
factor concentrations activating a death program. In this
sense, TGFb is acting as a “morphogen” in our cultures, in
that it can elicit at least two different responses, apart from
the nil response, in a dose-dependent manner from a ho-
mogenous population of progenitor cells (McDowell and
Gurdon, 1999). Given the expression of TGFb in differenti-
ated neurons we propose that concentration levels of TGFb
are changing in vivo over time with ongoing neurogenesis.
In analogy with our data, members of the TGFb superfamily
ave been shown to act in a concentration-dependent
anner to specify a patterned array of cell fates in verte-
rates as well as in invertebrates. In Drosophila, the BMP
homologue decapentaplegic (dpp) exerts a morphogenic
action during the development of the wing (Nellen et al.,
1996). In the developing rat cerebral cortex, low dose ranges
of BMP2 promote neural differentiation whereas higher
concentrations mediate cell death (Mabie et al., 1999). In
Xenopus, mesoderm formation and patterning are mediated
in a concentration-dependent fashion by both BMP4 and
activin (reviewed in Dale and Wardle, 1999; Hogan, 1996;
McDowell and Gurdon, 1999; Neumann and Cohen, 1997). v
Copyright © 2000 by Academic Press. All rightMoreover, the specification of neural and epidermal fates by
BMPs involves inducer gradients that are refined by the
activity of BMP-binding antagonists (reviewed in Hogan,
1996; LaBonne and Bronner-Fraser, 1998; Mehler et al.,
1997; Weinstein and Hemmati-Brivanlou, 1997).
Intriguingly, studies performed in Xenopus have demon-
strated that community effects sharpen the boundaries of
the dose–response thresholds so that each cell fate is
induced in a very narrow dose range (Green et al., 1992,
1994; Wilson and Melton, 1994). Similarly, short-range
cell–cell interactions in neural-crest-derived progenitor
clusters cause dose-dependent fate decisions to be separated
by relatively sharp thresholds (Fig. 4). Since the fates to be
chosen are either neurogenesis or apoptosis, community
effects might provide a mechanism to precisely determine
the cell number of neurons to be generated during early
autonomic gangliogenesis. According to this model, TGFb
produced in cells that have already differentiated to neurons
promote surrounding progenitor cells to also adopt a neu-
ronal fate and thus to start to express TGFb themselves. At
certain stage, the amount of TGFb reaches a threshold at
hich the response to TGFb becomes programmed cell
eath resulting in the elimination of remaining, surplus
rogenitor cells. Whether specific antagonists (Piek et al.,
999) would also play a role in establishing TGFb concen-
ration gradients remains to be elucidated. The biphasic
ction of neuron-derived TGFb to control neurogenesis and
ubsequently apoptosis might be reinforced once neurons
ave reached their targets. This idea is based on the findings
hat target-derived NGF increases TGFb expression in neu-
ons (Kim et al., 1994; Unsicker et al., 1996).
Multiple Responses of Progenitor Cells
to TGFb Factors
As apparent from the discussions above, neural-crest-
derived cells display a remarkable variety of responses to
TGFb. Individual progenitor cells exclusively generate
mooth-muscle-like cells when treated with TGFb (Hage-
orn et al., 1999; Shah et al., 1996). When associated with
ther progenitors within a community, progenitor cells
dopt a neuronal fate in response to a narrow dose range of
GFb (Hagedorn et al., 1999; this study). In addition, TGFb
can induce apoptosis as the primary response in progenitor
cells provided that the cells are aggregated in communities.
Upon neuronal differentiation, progenitors lose competence
to die in response to TGFb. Rather, TGFb in conjunction
with GDNF has been reported to act as a survival factor for
peripheral neurons (Krieglstein et al., 1998b; Schober et al.,
1999). Thus, the same signal, TGFb, is able to act at
multiple levels during early neural crest development, and
many of the different responses are evoked from the same
cell type, a multipotent progenitor cell. It is worth pointing
out that in the developing neural crest such a diversity of
signaling outputs has not been observed with BMP2, al-
though this member of the TGFb superfamily can elicit a
ariety of different responses in other developmental sys-
s of reproduction in any form reserved.
d70 Hagedorn et al.tems (reviewed by Hogan, 1996; Mehler et al., 1997). The
distinct biological activities of TGFb appear to be context
dependent. Therefore, TGFb signaling in early neural crest
development likely represents an example of how TGFb
signal transduction pathways are able to operate as part of a
signaling network that integrates multiple environmental
cues that a cell is exposed to (reviewed in Massague and
Chen, 2000; Piek et al., 1999; Wrana, 2000). Response
iversity might be generated by convergence of TGFb
signaling with other signal transduction pathways, regulat-
ing the biological activity of TGFb at the level of the ligand,
the receptors, the signal transducing proteins of the SMAD
family, and the target promoters. Whether and how these
mechanisms play a role in autonomic gangliogenesis re-
main to be elucidated.
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